Abstract Critical to biological processes such as membrane fusion and secretion, ion-lipid interactions at the membranewater interface still raise many unanswered questions. Using reconstituted phosphatidylcholine membranes, we confirm here that multilamellar vesicles swell in salt solutions, a direct indication that salt modifies the interactions between neighboring membranes. By varying sample histories, and by comparing with data from ion carrier-containing bilayers, we eliminate the possibility that swelling is an equilibration artifact. Although both attractive and repulsive forces could be modified by salt, we show experimentally that swelling is driven primarily by weakening of the van der Waals attraction. To isolate the effect of salt on van der Waals interactions, we focus on high salt concentrations at which any possible electrostatic interactions are screened. By analysis of X-ray diffraction data, we show that salt does not alter membrane structure or bending rigidity, eliminating the possibility that repulsive fluctuation forces change with salt. By measuring changes in interbilayer separation with applied osmotic stress, we have determined, using the standard paradigm for bilayer interactions, that 1 M concentrations of KBr or KCl decrease the van der Waals strength by 50%. By weakening van der Waals attractions, salt increases energy barriers to membrane contact, possibly affecting cellular communication and biological signaling. From bacteria to mammals, biological processes take place in salt solutions. Maintaining a delicate balance of ions, biomembranes interact preferentially with different ionic species (1). Specific ionic effects have been shown to influence the growth rates of bacteria (2) and fungi (3, 4) and to affect the function of antibiotic channels (5). This investigation will focus on the halide salts because of their presence in intracellular and intercellular fluids. At biomembrane surfaces, halides encounter not only charged lipid species, such as phosphatidylserine and phosphatidylinositol, but more often common neutral phosphatidylcholines (PCs). Interactions with both types of lipids require investigation: by affecting lipid interactions, salt solutions modulate biological processes such as fusion and secretion.
From bacteria to mammals, biological processes take place in salt solutions. Maintaining a delicate balance of ions, biomembranes interact preferentially with different ionic species (1) . Specific ionic effects have been shown to influence the growth rates of bacteria (2) and fungi (3, 4) and to affect the function of antibiotic channels (5) . This investigation will focus on the halide salts because of their presence in intracellular and intercellular fluids. At biomembrane surfaces, halides encounter not only charged lipid species, such as phosphatidylserine and phosphatidylinositol, but more often common neutral phosphatidylcholines (PCs). Interactions with both types of lipids require investigation: by affecting lipid interactions, salt solutions modulate biological processes such as fusion and secretion.
Despite being electrically neutral, PC membranes attract one another as a result of mutually induced charge fluctuations (6) . Because of different dielectric properties of membranes and the intervening solvent, transient spontaneous electromagnetic fields in one membrane induce correlated fields in the neighboring membrane and vice versa, resulting in an attractive force. This "charge fluctuation" (van der Waals) force is responsible for the spontaneous formation of stable multilamellar structures [e.g., myelin sheets in vivo and multilamellar vesicles (MLVs) in vitro]. When the attractive van der Waals force is exactly balanced by repulsive forces, an equilibrium spacing between lamellae is established (6) (7) (8) (9) . Typically, as measured by small-angle X-ray scattering, the interlamellar spacing of neutral membranes in water is on the order of the membrane thickness itself. However, membrane spacings depend sensitively on the nature of the solvent (7, 10, 11) . Therefore, any alteration of the repeat spacing with solvent composition is an indication of a shift in the balance of attractive and repulsive forces between membranes. Here, we specifically address the modification of interbilayer forces by monovalent salt.
Modification of interbilayer forces by solvents and solutes, including monovalent salt, has been recognized in the past (7, 10, (12) (13) (14) (15) (16) . However, outstanding questions remain: What is the swelling mechanism? What is the nature of ionic specificity? Does salt affect membrane structure in addition to interactions? With recent advances in X-ray methods for the determination of bilayer structure and interactions (17) (18) (19) , we are now in a position to address salt effects on multilamellar lipid structures. Significant ion-lipid interactions are expected not only because of dielectric gradients across the biomembrane interface but also because of the dipolar nature of head groups. Ionlipid interactions have been measured by solid-state NMR spectroscopy (20) , electrophoretic mobility (21) (22) (23) , and monolayer surface pressure (24) . The electrostatic nature of ion-lipid interactions has raised experimental questions as well, highlighting possible equilibration complications, such as the case of Li salts (25) or high-temperature melting lipids (26) .
Here, we show that the swelling of PC bilayers by monovalent salt is driven mainly by the weakening of van der Waals attractive forces through screening of charge fluctuations. MLVs swell more in the presence of Br 2 compared with Cl 2 as a result of a higher propensity of bromine ions to associate with the polar lipid head groups (22, (27) (28) (29) (30) (31) , causing an added electrostatic repulsion between the now charged surfaces. To isolate the effect of salt on van der Waals interactions, we focus on interbilayer forces in the presence of high salt concentrations at which the strongly screened electrostatic interaction can be neglected. Finding that the bilayer structure and bending rigidity are practically unaffected by salt, we obtain excellent fits to osmotic pressure data at high salt with empirically determined interaction parameters. We conclude that ions must regulate biomembrane interactions not only through electrostatic interactions but also by a significant screening of charge fluctuations. By decreasing biomembrane adhesion energy, ionic action at the biomembrane interface presents a probable regulatory mechanism for exocytosis, endocytosis, synaptic transmission, fertilization, and viral infection.
MATERIALS AND METHODS
Highly purified (.99%) synthetic 1,2-dicapryl-sn-glycerophosphatidylcholine, 1,2-dilauroyl-sn-glycero-phosphatidylcholine (DLPC), 1,2-dimyristoyl-sn-glycero-phosphatidylcholine (DMPC), and 1,2-dioleoyl-sn-glycero-phosphatidylcholine (DOPC) were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification. Organic solvents were high-performance liquid chromatography grade from Aldrich (Milwaukee, WI). KCl and KBr salts of purity .99% were from Sigma-Aldrich (St. Louis, MO).
MLV (unoriented) samples
Lyophilized lipids were hydrated with purified water or salt solutions. When osmotic pressure was applied, the hydrating solution included high molecular weight polyethylene glycol (20,000) or dextran (500,000) of known concentrations. Samples were cycled below and above the chain melting transition temperatures, occasionally vortexed or shaken, and then typically stored for .48 h at 4jC. Variations in protocol included a 48 h room temperature storage with or without vortexing or shaking to test the dependence of sample history on equilibration. No differences were detected. Before being exposed to X-ray for 30-60 min with a fine-focus fixed Cu anode X-ray source, samples were allowed to thermally equilibrate between 1 h and 7 days. No differences in the quality of the spectra or scattering peak position were observed. Sharp, uniform scattering rings were obtained indicative of sample homogeneity upon equilibration (full width at half maximum 0.01-0.03 Å 21 ). Lattice spacings were recorded as a function of applied osmotic pressure.
Oriented samples
Oriented samples were studied as described recently by Kučerka et al. (19) . The main difference was that salt was added to the organic solvent from which the oriented samples were prepared using the rock-and-roll method (32) . The amount of salt that was added was adjusted so that the concentration of salt in the interlamellar water space at full hydration equaled that of the MLVs. X-ray data for oriented samples were taken at the D-1 station of the Cornell High-Energy Synchrotron Source using the sample chamber and following the procedures described by Kučerka et al. (19) .
After correcting for absorption and the Lorentz factor, the scattering intensity I(q) is given by the standard relation (33):
We first obtain S(q) (the structure factor) and then divide into I(q) to obtain |F(q z )| 2 . The bilayer form factor |F(q z )| is the usual transformation of the electron density r(z) across a single bilayer immersed in water with the fluid electron density r W subtracted. Our method for obtaining S(q) was developed previously and applied to DOPC (18, 34) , DLPC (19) , and DMPC (19) . The smectic liquid crystal theory is fit to the decay of the diffuse scattering in the q r direction to obtain K C , the bending modulus, and B, the compression modulus; these are the fundamental material parameters that determine the fluctuations and allow the calculation of S(q). The |F(q z )| is corrected for a geometric distortion caused by the undulation fluctuations (9) and fit to the hybrid model of the electron density profile (35) . F(0) is obtained from the following equation (36, 37) :
where the number of electrons n L is 342 for DLPC, the electron density of water is r W 5 0.333 e/Å 3 , and the volume of the lipid V L is 991 Å 3 for DLPC using the neutral flotation method (38, 39) . In the case of DLPC with salt, the concentration of the interlamellar solvent was measured, and the densities at 30jC were researched (40, 41) . The electron densities of salt water were 0.345 e/Å 3 for DLPC with 0.875 M interlamellar KCl (vs. 1 M bulk) and 0.336 e/Å 3 for DLPC with 0.025 M interlamellar KBr (vs. 0.1 M bulk). The area (A)/lipid, bilayer thickness, and water/ lipid are some parameters that are obtained from the model fit (19) .
RESULTS

Salt-induced swelling
Interlamellar repeat spacings for the 12 carbon DLPC in KCl and KBr aqueous solutions at 25jC are shown in Fig. 1 as functions of salt concentration. To emphasize the qualitative change of scattering peaks with salt, we also show representative X-ray spectra. Scattering peaks become very broad in high salt (Fig. 1D ), making assignment of peak position difficult, thereby limiting D-spacing data to salt concentrations of ,3 M for KCl and ,2 M for KBr. From an equilibrium distance of z58 Å in pure water, DLPC multilayers swell progressively with added salt, reaching an apparent limiting value of 75 Å for KBr, whereas the maximum measurable value for KCl is 68 Å . The 12 carbon DLPC lipid is not a special case. Other PC lipids with different chain lengths also swell with monovalent salt, as shown in Fig. 2 . Figure 2A 
Equilibration (dismissing an old myth)
One concern is that multilamellar structures might not fully equilibrate in salt solutions because lipid membranes have low permeability to ions, thereby precluding access to the inner water layers in MLVs. In fact, preparation of unilamellar vesicles often relies upon this property: liposomes are metastable states of salt-filled vesicles (43) . Salt gradients form as a result of freeze-thawing and extrusion. However, in our experiments, it is clear that salt does enter the inner water layers of MLVs; otherwise, external salt would impose an osmotic pressure that tends to reduce the water spacing in contrast with the observed swelling. Our experience with fluid, thin membranes (such as DLPC) is that equilibration, as measured by X-ray D-spacing, is fast, reaching stability within minutes. Samples incubated at 4jC for .12 h, then exposed to X-ray for 30 min at 35jC without preequilibration, showed no trace of the lower temperature D-spacing. (With our setup, it takes ,3 min for the sample holder to equilibrate at the new temperature.) Reversibility is also robust. Fast equilibration occurs for oriented samples as well. This suggests that ions (and water) flow through inherent defect regions of multilamellar stacks. Additional equilibration measurements were done in the presence of the common ionophores amphotericin B, nystatin, and valinomycin. No changes in interlamellar spacings or equilibration times were detected for ionophore contents of ,0.5% by weight. Changes were indeed seen at higher ionophore contents, but those are attributable to permanent alteration of membrane structure and interactions rather than to changes in equilibration times. Finally, the most compelling argument that our samples are not trapped in local energy minima is reproducibility. We measured multiple sample batches with diverse histories and always obtained the same results.
Bilayer structure and stiffness do not change with added salt
To determine whether salt affects membrane structure and mechanical properties, we have focused on oriented DLPC multilayers. Figure 3 shows the diffuse scattering from an oriented sample of DLPC close to full hydration. The absolute values of the continuous form factors |F(q z )| are plotted in Fig. 4A for DLPC, DLPC/1 M KCl, and DLPC/0.1 M KBr at 30jC. These two salt concentrations were chosen to have the same lamellar D-spacing as indicated in Fig. 1 . There are small but noticeable differences among the |F(q z )| for the three samples, which suggest that the bilayer structure is different in different salt solutions. However, the electron density profiles in Fig. 4B that were obtained from these F(q) values show that the bilayer structures are virtually identical. The differences in the F(q) values are attributable to differences in the electron density of the interlamellar water region resulting from the addition of salt. This changes slightly the electron density contrast between lipids and salt solutions without apparently changing the electron density of the bilayers.
To obtain the continuous form factors and the absolute electron density profiles, we necessarily obtain the membrane bending rigidity K C and the stacking compressibility B, which is a composite measure of hydration forces, van der Waals forces, and the fluctuation force. The K C values are plotted in Fig. 5A as a function of D-spacing for all three samples at 30jC. These values do not vary significantly with salt or D-spacing. The average values are included in Table 1 . In contrast, the compression modulus B does vary as a function of D-spacing (44, 45) . These values are plotted in Fig. 5B . Data points from all three samples are consistent with a log-linear fit as shown.
Effect of osmotic pressure on swelling with and without salt
The single most important determinant of interactions between bilayers is obtained by imposing osmotic pressure P and measuring water spacing a to obtain P(a) data (6) . Here, we have chosen to define a as the steric water spacing a 5 D 2 D B V, where D B V is the steric thickness of the bilayer instead of the Luzzati thickness. At low osmotic pressures, D B V 5 39 Å at 30jC from the DLPC structure determination (19) . For high osmotic pressures, the standard correction to membrane thickness (6) was applied using an areal compressibility K A 5 250 dyn/cm (46) . Figure 6 shows our P(a) data for MLVs of DLPC with no salt and with 1 M KCl and 1 M KBr.
Analysis
The currently accepted framework of interbilayer interactions for uncharged fluid phase membranes involves a van der Waals attractive force and two repulsive forces: hydration and bending fluctuations. Although the attractive van der Waals force can be calculated analytically for a pair of infinitely extended slabs of thickness b (47), the repulsive forces are typically described phenomenologically Fig. 3 . Diffuse scattering data from an oriented sample of DLPC with added KBr. High intensity is shown as white on a black background. There are three lobes of diffuse scattering, numbered 1-3, separated by zeros in intensity (shown by arrows) that clearly determine reversal in the phase of the form factor F(q) as a function of scattering angle. The fit to the Caillé theory (see Materials and Methods) was made in the black fitting box, and the scaling factor to obtain structural parameters was obtained from the data in the white scaling box. The vertical axis is in the q z lamellar scattering direction. The gray scale is chosen to emphasize the diffuse scattering, so the very intense and sharp h 5 1 and h 5 2 lamellar peaks that occur in the first lobe are not seen here. The first term represents the van der Waals attraction with an interaction strength given by the Hamaker parameter (H), and we use b 5 D B V as defined above. The second term represents the hydration force, accounting for the energetic cost of water ordering in the vicinity of lipid head groups. This force is exponential, with a decay length l h z 2Å (6, 16, 45) . It dominates the total interbilayer force for small water spacings and becomes increasingly less significant for interbilayer spacings .10 Å . The third term in equation 3 is the shape fluctuation or undulation term, which becomes the dominant repulsive term at larger water spacings (8) .
It accounts for the entropic penalty attributable to the confinement of undulating membranes (48) . This entropic force is inversely proportional to the bilayer bending rigidity, K C . The scale factors P h and A fl depend sensitively on the choice of membrane thickness as described above, but once that choice is made, they should be invariant unless the strength of these repulsive interactions changes. Figure 6 shows that the effect of salt is significant at low osmotic pressure but becomes small at high osmotic pressure, at which the dominant force between bilayers is the hydration force. Therefore, Fig. 6 suggests that salt affects the hydration force in a relatively minor way. This is not a simple conclusion, because the concentration of salt likely decreases to zero as the water spacing becomes small. However, the hydration force is inconsequential for large separations, so in the regime in which salt is important, other interactions must be affected. Therefore, we obtain the best values of P h and l h to fit the high osmotic pressure . Each symbol shows the experimental value of the osmotic pressure (P osm ) that was fixed for each unoriented multilamellar DLPC sample versus the water spacing (a) that was determined for that sample as the D-spacing minus the steric bilayer thickness. The lines show the fits to these data using equation 3. The fitted parameters in equation 3 are shown in Table 1 . All data were taken at 25jC.
data for all three solutions and fix them to the values shown in Table 1 Table 1 . Therefore, within the standard paradigm of equation 3, the only remaining parameter that can account for the swelling of D with salt is the Hamaker parameter H of the attractive van der Waals interaction. Table 1 shows the values of H that were obtained by fitting all of the osmotic pressure P(a) data while holding the other parameters fixed to the values obtained as described above. The fits to the P(a) data are shown in Fig. 6 .
DISCUSSION
Our structural results in Fig. 4B show that salt has negligible effects on the thickness of DLPC bilayers. Therefore, the main reason for the swelling of multilamellar arrays with added salt shown in Fig. 1A is swelling of the water space between the bilayers. Consistent with the invariance of bilayer structure, the measured bilayer rigidity K C in Fig. 5A also does not change with added salt.
Because interbilayer forces arise from complicated many-body interactions, the simplified phenomenological model embodied in equation 3 has been used as the basis for interpretation of our experimental results. We have experimentally determined interbilayer interaction parameters by measuring the osmotic pressure curves (Fig. 6) , the membrane bending rigidity (Fig. 5A) , and the stackingcompression parameter B (Fig. 5B) versus interlamellar spacing. Importantly, and not obvious a priori, within experimental uncertainty the variation of B with interlamellar spacing is unaffected by salt, indicating that fluctuation parameters are not affected. Within the context of equation 3, it is clear that a change of the Hamaker parameter is needed to fit the osmotic pressure data in Fig. 6 . Table 1 shows the values of all parameters. This table emphasizes that the Hamaker parameter is substantially reduced when salt is added to multilamellar arrays. This is a direct experimental proof of the theoretical expectation (47, 49) used by Korreman and Posselt (10) to interpret their saltswelling data.
The strength of the van der Waals interaction is proportional to the net dielectric contrast between lipids and solvent: the larger the contrast, the stronger the attraction between adjacent bilayers (47) . To understand how this dielectric contrast is modified by salt, we distinguish between static (low-frequency) and optical (high-frequency) dielectric responses of lipid-salt multilayers (50) . Static values are modified by a spatial redistribution of ions, whereas optical values are modified by ionic polarization in response to spontaneous charge fluctuations. Screening at low frequency is responsible for a 50% decrease in the van der Waals attraction for both KCl and KBr. The enhanced swelling in the presence of KBr compared with KCl at low salt (Figs. 1, 2 ) is attributable to electrostatic repulsion from the binding of Br 2 ions (51). This electrostatic force, however, becomes negligible in 1 M salt, at which the screening length is ,3 Å .
With weakened attraction, the net free energy of the multilamellar stacking increases. From this perspective, partitioning of salt between bilayers is energetically unfavorable. For a given salt concentration in the bath, the final equilibrium spacing is established by the gain in ionmixing entropy acting against the weakened bilayer attraction. Consider a fully hydrated, equilibrated MLV in water introduced into a salt solution, as illustrated in Fig. 7A . Entropy favors partitioning of salt into the interlamellar space. Keeping the interlamellar water clear of salt in the presence of 1 M salt in the bath requires an osmotic penalty DG 1 < 1.2 k B T/lipid. As salt enters to gain mixing entropy, van der Waals attraction is weakened (Fig. 7B) . This causes the membranes to move to a new equilibrium point at greater spacing (Fig. 7C) . To hold the original spacing would increase the energy to 2DG 2 < 2.5 3 10 23 k B T/lipid, as calculated from the pressure curves in Fig. 6 . Beyond these considerations of forces between bilayers, interfacial distribution of salt is determined by the competition between salt and lipid head groups for interlamellar water. As determined by neutral buoyancy measurements (51) , salt concentration inside the MLVs is significantly lower than in the bulk. This is explained by a large number of water molecules tightly bound to the lipid head groups and thus unavailable to solvate salt ions. Salt is excluded from the vicinity of PC head groups, with the "sticky" Br 2 being less excluded than Cl 2 . At the cellular level, specific ionic effects have been recognized primarily for osmoregulation mechanisms (4) and growth rates of halophilic bacteria (2) . Here, we suggest that quantifying the nonnegligible effect of salt on lipid interaction will help elucidate such cellular membrane mechanisms.
